There is abundant evidence in memory research that emotional stimuli are better remembered than neutral stimuli. However, effects of an emotionally charged context on memory for associated neutral elements is also important particularly in trauma and stressrelated disorders, where strong memories are often activated by neutral cues due to their emotional associations. In the present study, we used event-related potentials (ERPs) to investigate long-term recognition memory (one week delay) for neutral objects that had been paired with emotionally arousing or neutral scenes during encoding. Context effects were clearly evident in the ERPs: An early frontal ERP old/new difference (300-500 ms) was enhanced for objects encoded in unpleasant compared to pleasant and neutral contexts; and a late central-parietal old/new difference (400-700 ms) was observed for objects paired with both pleasant and unpleasant contexts, but not for items paired with neutral backgrounds.
Introduction
There is considerable evidence that emotions play a critical modulatory role in episodic memory (Dolcos, Denkova, & Dolcos, 2012; . For instance, when presenting emotional and neutral materials and memory is subsequently tested, emotionally arousing items are better remembered and are more robust against forgetting than emotionally neutral items (e.g., Bradley, Greenwald, Petry, & Lang, 1992; Dolcos, LaBar, & Cabeza, 2005; Jaworek, Weymar, Löw, & Hamm, 2014; Ochsner, 2000; Weymar et al., 2009 Weymar et al., , 2010a Weymar et al., , 2010b Weymar et al., , 2011 Wirkner, Weymar, Löw, & Hamm, 2013; Wirkner, Löw, Hamm, & Weymar, 2015) . Despite convincing evidence for a memory enhancing effect of emotion, neutral cues can also activate strong emotional memories (e.g., in patients suffering from trauma or stress-related disorders), if these events were associated with an emotional context in which these items were encountered during encoding (e.g., Davachi, 2006; Ranganath, 2010) . To understand how emotion interacts with these "real-world" situations, recent research has therefore focused on the emotion's effects on memory for items as a part of, or in relation to other items, the so-called contextual relational binding (Chiu, Dolcos, Gonsalves, & Cohen, 2013) . Here, we investigated the brain dynamics of contextual/relational memory using event-related potentials (ERPs) recorded during retrieval.
It is a robust finding in memory research that ERPs generated by correctly recognized old stimuli evoke more positive-going waveforms than those elicited by correctly detected new stimuli (for reviews, Rugg & Curran, 2007; . This difference in ERP positivity has been labeled the ERP old/new effect. Two ERP old/new differences have been identified reflecting different processes involved in recognition memory: An early old/new effect (300-500 ms) located over frontal brain regions has been related to acontextual familiarity-based remembering, while centro-parietal old/new differences (> 500 ms) have been associated with recollection-based remembering (i.e. retrieval of specific Ventura-Bort et al.
Long-term emotional relational memory 5 contextual information about the learning episode; Rugg & Curran, 2007; . ERP studies exploring the electrophysiological correlates of long-lasting enhancing memory effects of emotion showed that emotional events, compared to neutral ones, are associated with larger old/new effects over parietal areas (e.g., Jaworek et al., 2014; Schaefer, Pottage, & Rickart, 2011; Weymar et al., 2009 Weymar et al., , 2010a Weymar et al., , 2010b Weymar et al., , 2011 Wirkner et al., 2013 Wirkner et al., , 2015 , suggesting that remembering of emotional events is most likely guided by recollection, rather than familiarity (Dolcos et al., 2005) .
The few available behavioral and ERP studies investigating the effect of emotion on memory for associated contextual information, however, have produced mixed results. Some researchers found better memory for contextual features of emotional items (e.g., Doerksen & Shimamura, 2001; Mather & Nesmith, 2008; Nashiro & Mather, 2011) and neutral items embedded in arousing contexts (e.g., Guillet & Arndt, 2009; Pierce & Kensinger, 2011) , whereas others found impairments in memory performance (e.g., Bisby, & Burgess, 2014; Nashiro & Mather, 2011; Rimmele, Davachi, Petrov, Dougal, & Phelps, 2011; Touryan, Marian, & Shimamura, 2007) or no effects (e.g., Koenig & Mecklinger, 2008; when retrieving emotional, relative to neutral, contextual source information (e.g., paired words, background scenes or features). Smith et al. (2004a) explored ERPs related to immediate recognition of emotionally neutral objects associated with emotional and non-emotional background scenes. These authors found no ERP old/new differences between context categories in early frontal or late parietal regions (replicated by Jaeger, Johnson, Corona, & Rugg, 2009) . Similarly, Maratos and Rugg (2001) also did not observe ERP old/new differences when source information (contextual pairings) was tested for neutral words encoded in emotionally arousing sentences, compared to emotionally neutral sentences. Hence, compared to ERP results from episodic memory studies using single items, Ventura-Bort et al.
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One potential contributing factor for the lack of emotional effects might be the length of the retention interval (for discussion concerning item memory, see . Most available studies have used immediate testing but emotional advantages in single item memory have often been augmented over time, in part, by facilitating consolidation processes (e.g., Quevedo et al., 2003; McGaugh, 2004; LaBar & Cabeza, 2006; Ritchey, Dolcos, & Cabeza, 2008) . For delayed intervals, greater memory accuracy , stronger recollective experience, and larger ERP old/new differences have been reported for emotionally arousing stimuli (Schaefer et al., 2011; Sharot, Delgado, & Phelps, 2004; Weymar et al., 2010a) , especially for unpleasant events (Weymar et al., 2011) .
Thus, emotion might also facilitate contextual or relational binding after a longer delay (as suggested by Pierce & Kensinger, 2011) . In accordance with this suggestion, in behavioral research it has been observed that recognition of emotional contextual cues compared to neutral ones is enhanced after long (such as 1 or 7 days), but not after short delays (Pierce & Kensinger, 2011; . Recently, two ERP studies have investigated emotional contextual binding (Jaeger et al., 2009; Jaeger & Rugg, 2012 ) on a delayed test (24 hours). However, colleagues (2009, 2012) found no better memory for neutral objects encoded in emotionally unpleasant background scenes, compared to those neutral objects associated with neutral scenes, indicating that beneficial effects of contexts may occur after longer consolidation periods (c.f., Pierce & Kensinger, 2011) .
One other important factor to be considered in emotional relational memory is the manner in which stimuli are bound (MacKay, Shafto, Taylor, Marian, Abrams, & Dier, 2004; Mather, 2007) . According to the arousal-biased competition (ABC) theory (Mather & Sutherland, 2011) , emotional arousal can lead to enhancement and impairment among neutral Ventura-Bort et al.
Long-term emotional relational memory 7 stimuli competing for attention depending on high or low priority (due to bottom-up perceptual salience or top-down attentional focus). The theory further suggests that emotional arousal may enhance associative memory for features of high priority items (e.g., color or location of an item) and impair memory for neutral items, when presented at the same time with emotional items. However, if the association between emotional cues and neutral items is well integrated, memory for neutral items may improve due to the acquisition of high priority. In order to prevent competition between emotional and neutral stimuli, in the current study participants were instructed to imagine the object as a part of the scene to promote the binding between object and background (cf. Awipi & Davachi, 2008) . Moreover, unlike prior studies (e.g., Smith et al., 2004a; Jaeger & Rugg, 2012) in which objects were presented visually separated from the background scenes (e.g., surrounded with white background and yellow frame), objects were unframed and presented with transparent background to further facilitate object/context integration. Finally, objects were presented first followed by the background scene, to avoid direct competition between emotional backgrounds and neutral objects, as it might occur when the emotional stimulus is introduced first (cf. Jaeger & Rugg, 2012) .
Thus, to further investigate the role of emotion on context binding, we explored electrophysiological correlates of recognition memory for neutral events embedded in emotional contexts taking into account various critical factors facilitating emotional context memory (i.e., delayed retention interval and event-context integration). Furthermore, some memory studies (e.g., Bradley, et al., 1992; Dolcos et al., 2005; Weymar et al., 2009) found that emotionally arousing stimuli are better remembered than low arousing neutral stimuli, observing no differences in the retrieval of unpleasant and pleasant material, whereas others observed a preference in remembering negative information over positive and neutral information (e.g., for associative memory, see Pierce & Kensinger, 2011 ; for item memory, Ventura-Bort et al.
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The experimental procedure consisted of two phases (see Smith et al., 2004a for a similar design): An incidental encoding task where emotionally neutral objects were presented in the context of emotionally neutral or emotionally arousing background scenes; and a recognition memory task in which item (old vs. new) and context (pleasant vs. unpleasant vs. neutral background picture) was tested. Based on previous studies reporting memory enhancing-effects in the context of emotion (e.g., Guillet & Arndt, 2009; Pierce & Kensinger, 2011) , we made a first prediction concerning behavioral performance: (i) we expected that objects encoded in emotional contexts would be better remembered than objects encoded in neutral contexts after a 1-week retention interval. Concerning associated brain dynamics we made a second prediction: (ii) we expected to find larger parietal ERP old/new differences (500-700 ms) for neutral objects previously paired with emotional, relative to neutral background pictures, possibly reflecting explicit recollection.
Materials and methods

Participants
Participants were 30 healthy students (26 women, 4 men; mean age = 22.7 years; 3 left-handed, 27 right-handed) from the University of Greifswald, with normal or corrected-tonormal vision, who participated for course credits or financial compensation. All participants were native German speakers. Each individual provided written informed consent for a protocol approved by the Review Board of the German Psychological Society (DGPs). Data from 3 participants were excluded due to excessive artifacts in the electroencephalogram (EEG) data. During encoding, neutral objects were presented superimposed on an emotional or neutral background scene. Participants were presented with one of six encoding lists (for list construction, see Jaeger et al., 2009; Smith et al., 2004a) , each consisting of 144 object/background pairs, with no more than two pictures from the same valence presented consecutively. Each neutral object set was paired with a neutral background scene in one list, an unpleasant background in another, a pleasant background scene in a third, and was available as a novel object set for the remaining three lists.
Ventura-Bort et al.
Long-term emotional relational memory 10
Procedure During encoding, 144 objects were superimposed on 144 background scenes. Objects (mean vertical and horizontal visual angle of 4.96º) and background scenes (vertical visual angle of 7.73º, horizontal visual angle of 10.93º) were presented on a 20" computer monitor located 150 cm in front of the participant. In contrast to previous studies (e.g., Jaeger et al., 2009; Jaeger & Rugg, 2012; Smith et al., 2004a Smith et al., , 2004b Smith et al., , 2005 , in which objects were visually separated (white background and/or yellow frame), here objects were presented with transparent background and without frame to facilitate object-scene binding. Objects were presented in one of four quadrants of the screen. The four positions of the objects were selected randomly and with the same probability for each background category. After 3000 ms, an emotional or neutral scene was added as background. Each object and scene pairing was presented for 5000 ms with an inter-trial interval (ITI) of 3000, 3500 or 4000 ms. The encoding phase was separated into two blocks in which all 144 object-scene pairings were presented and after a break of one minute, the exact 144 same object/scene pairings were repeated (but in randomized order). Participants were instructed to imagine that the object is a part of the scene and to indicate after object/scene offset whether the imagination was successful or not by pressing a "yes" or a "no" button on a response pad (see Figure 1 ). No mention of a memory test was made (incidental encoding).
One week after encoding, participants returned to the lab for a memory task, in which old and new objects were presented. The task took place in a sound-attenuated dimly lit room. Each participant viewed 288 objects (i.e., 144 old and 144 novel objects). Of the 144 old objects, 48 objects had been encoded in the context of an unpleasant scene, 48 objects in the context of a pleasant scene, and 48 objects in the context of a neutral scene. Each object Ventura-Bort et al.
Long-term emotional relational memory 11 was presented in the center of the screen (mean vertical and horizontal visual angle of 5.92º) without context for 3000 ms with a preceding fixation cross of 500 ms.
Participants were instructed to decide whether each object had previously been seen during encoding or not. Following object offset 3 , the question "Old/New?" appeared on the screen, and participants pressed an "old" button on a keyboard if they remembered the object, or else a "new" button. When the object was recognized as old, subjects were asked to remember source information cues: the location the object was presented at during encoding (i.e., which quadrant of the screen), and the background paired with (i.e., pleasant, neutral or unpleasant; see Figure 1 ). Participants were instructed to avoid eye blinks and body movements.
-
Apparatus and data analysis EEG signals were recorded continuously from 257 electrodes using an Electrical Geodesics (EGI) HydroCel high-density EEG system with NetStation software on a Macintosh computer. The EEG recording was digitized at a rate of 250 Hz, using vertex sensor (Cz) as recording reference. Scalp impedance for each sensor was kept below 30 kΩ, as recommended by manufacturer guidelines. All channels were band-pass filtered online from 0.1 to 100 Hz. Offline reduction was performed using ElectroMagnetic EncephaloGraphy Software (EMEGS; Peyk, De Cesarei, & Junghöfer, 2011) and included lowpass filtering at 40 Hz, artifact detection, sensor interpolation, baseline correction, and conversion to the average reference (Junghöfer, Elbert, Tucker, & Rockstroh, 2000) .
Stimulus-synchronized epochs were extracted from 100 ms before to 1200 ms after picture Ventura-Bort et al.
Long-term emotional relational memory 12 onset and baseline corrected (100 ms prior to stimulus onset). Extracted epochs were corrected for eye movement and blink artifacts using the MATLAB-based toolbox BioSig (Vidaurre, Sander, & Schlögl, 2011) .
For each participant, separated ERP averages were computed for each sensor and condition. Only trials with correct responses for old and new objects were included in ERP averages. Due to the low number of hits in the source memory task (location and background)
only ERPs during the item recognition task (old vs. new) were analyzed. The identification of sensor clusters representative for maximal old/new effects were based on visual inspection of the waveforms and based on previous studies (Jaeger et al., 2009; Jaeger & Rugg, 2012; Maratos & Rugg, 2001; Smith et al., 2004a; Weymar et al., 2009 Weymar et al., , 2010a Weymar et al., , 2010b Wirkner et al., 2013 Wirkner et al., , 2015 . Because recent studies observed context effects at earlier (< 300 ms) stages of processing (Curran & Dien, 2003; Tsivilis, Otten, & Rugg, 2001; Voss & Paller, 2009 ), especially for emotionally arousing events (Jaeger et al., 2009 (Jaeger et al., , 2012 Schaefer et al., 2011; Smith et al., 2004a) , we also examined ERP differences in an early time window. Mean ERP amplitudes were analyzed in a 180-220 ms and 300-500 ms time window over frontal brain regions (EGI HydroCel sensors 5, 6, 7, 8, 14, 15, 16, 22, 23, and 29) , and in a 400-700 ms time window over centro-parietal brain regions (EGI HydroCel sensors 9, 45, 80, 81, 89, 90, 130, 131, 132, 186, and 257 was performed. For effects involving repeated measures, the Greenhouse-Geisser correction for non-sphericity was used when necessary.
Results
Behavioral data
Memory performance for old (item and source memory data) and new objects is listed in contexts. Based on the assumption that the response bias is a good estimate of the bias operating for object recognition, Maratos & Rugg (2001) , suggest that the probability of recollection of context information can be obtained from the following formula: pCorrect source = pRecollection + pGuess x (1 -pRecollection). After applying the formula, the probabilities of correct background recognition are higher for pleasant (.77) and unpleasant (.76) compared to neutral contexts (.74), in accordance with the item memory performance.
------------------
Insert Table 1 about here
To exclude a-priori object differences, we compared ERPs in response to neutral objects subsequently encoded in emotional or neutral context in the first block of the encoding session. No ERP differences were found at any time window or sensor location (F < 1).
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Frontal ERP effect. Figure 2A illustrates the grand average ERPs extracted from the frontal cluster for old objects previously encoded in the context of a pleasant, neutral and unpleasant scene, and new objects. 14; see Figure 2C ). No significant ERP differences were found between objects paired with unpleasant scenes compared to objects paired with pleasant scenes Figure 2C ). Figure 2C ).
Early ERP Emotional effect (180-220 ms
Early ERP Old/New effect (300-500 ms
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Parietal ERP Effect. Figure 3A illustrates the grand average ERPs for correctly recognized neutral objects encoded in the context of a pleasant, neutral or unpleasant scene, and for new objects from a representative centro-parietal cluster. Figure 3C ).
Late ERP Old/New effect (400-700 ms
Correlations between recognition performance and ERP effects. Significant correlations
between hit rate performance and ERPs were only observed for unpleasant contexts in the 180-220 ms, 300-500 ms ( Figure 2B ), and 400-700 ms ( Figure 3B ) time window. Hit rates for objects encoded in unpleasant contexts showed a positive relation with the ERP amplitude (180-220 ms, r = .37, p = .03, one-tailed; 300-500 ms, r = .43, p < .05; 400-700 ms, r =.35, p = .035, one-tailed), suggesting that higher memory accuracy was related to larger positivity for objects encoded in the unpleasant context (see Figure 2B , and Figure 3B ). This relation was not found for objects encoded with pleasant or neutral contexts in either time windows (rs < .27, ps > .17).
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Discussion
In the current study, ERPs were used to investigate long-term recognition memory for neutral objects that had been encoded in an emotionally arousing or neutral context. We found that ERPs during retrieval were sensitive to context differences at encoding at three different time windows. We observed that old objects previously paired with emotional contexts prompted an enhanced early (180-220 ms) positivity (P2) over frontal sites.
Furthermore, correct recognition was associated with larger centro-parietal ERP old/new differences (400-700 ms) for objects encoded in both pleasant and unpleasant, but not in neutral contexts, and associated with early frontal ERP old/new differences (300-500 ms), particularly for unpleasant contexts. Our results indicate that emotion improves associative binding and engages both automatic perceptual mechanisms and explicit recognition processes at retrieval, such as familiarity and recollection processes.
Although the effect was only marginal in the current experiment, we found enhanced memory performance for neutral objects associated with emotional contexts, in comparison to neutral contexts. This finding is in line with many previous studies reporting emotional memory-enhancing effects for single items and contexts (Bradley et al., 1992; Doerksen & Shimamura, 2001; Dolcos et al., 2005; Guillet & Arndt, 2009; Jaworek et al., 2014; Maratos et al., 2001; Mather & Nesmith, 2008; Nashiro & Mather, 2011; Pierce & Kensinger, 2011; Smith et al., 2004a; Weymar et al., 2009; 2010a; 2010b; Wirkner et al., 2013 Wirkner et al., , 2015 ; but see Jaeger et al., 2009 Jaeger et al., , 2012 , suggesting that emotional arousal improves long-term associative memory.
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In ERPs, correctly recognized old items compared to correctly classified new items elicited enhanced ERP positivity, replicating a large body of previous work on memory research with short and long retention intervals (e.g., Rugg, Mark, Walla, Schloerscheidt, Birch, & Allan, 1998 ; see for reviews Rugg & Curran, 2007; . As expected, larger ERP old/new differences were observed for neutral objects encoded in emotionally arousing, but not in emotionally neutral contexts over parietal regions. Because a parietal ERP old/new effect has been related to the process of contextual remembering (Wilding, 2000; Wilding & Rugg, 1996; see Rugg & Curran, 2007 for review), our finding indicates that retrieval of emotional (unpleasant and pleasant) contexts engages recollection processes. This clearly replicates previous ERP picture memory studies that found enhanced parietal ERP old/new effects for emotional pictures (e.g., Jaworek et al., 2014; Weymar et al., 2009 Weymar et al., , 2010 Weymar et al., , 2011 Wirkner et al., 2013 Wirkner et al., , 2015 Ferrari, Bradley, Codispoti, Karlsson, & Lang, 2013) . Interestingly, our result contrasts with prior work where comparable ERP old/new effects were found when measuring emotional and neutral pictures as contexts (Jaeger et al., 2009; Jaeger & Rugg, 2012; Smith et al., 2004a) . One reason for this discrepancy could be related to item-context binding processes (Mackay et al., 2004; Mather, 2007) , which were facilitated methodologically in the present study. It has been observed that contextual memory increases when neutral items are well integrated with other items or contexts (Murray & Kensinger, 2012 , especially when the latter are arousing (Guillet & Arndt, 2009; Pierce & Kensinger, 2011) . Compared to previous studies (e.g., Jaeger & Rugg, 2012), we facilitated item-context pairing by integrating the object into the scene.
Another reason that might be critical is stimulus order presentation (Sakaki, Fryer, & Mather, 2014; Sutherland & Mather, 2012) . Based on the ABC theory (Mather & Sutherland, 2011) , recent studies have observed that emotionally arousing stimuli distinctly modulate memory for preceding and following neutral target stimuli (Sakaki, Fryer, & Mather, 2014;  Ventura-Bort et al.
Long-term emotional relational memory 19
Sutherland & Mather, 2012) . Thus, if emotional events are preceded by a neutral target stimulus (i.e., high priority), emotional arousal further enhances memory for highly prioritized neutral items; however, if the emotional event is followed by a neutral target stimulus, emotional arousal captures attentional resources and impairs perceptual processing of the neutral target item, hindering the memory-enhancing effects (Sakaki et al., 2014; Sutherland & Mather, 2012) . Contrary to prior studies (e.g., Jaeger et al., 2009; Jaeger & Rugg, 2012) , we intended to avoid competition for attention resources by presenting the object before the context image appeared.
However, most critically contributing to the emotional enhancing effects observed in the present data is probably the one-week interval between the encoding and the retrieval . In contrast to a number of previous emotional associative memory studies (e.g., Smith et al., 2004a; Maratos et al., 2001; Jaeger et al., 2009) , we promoted consolidation processes by means of long retention periods.
To summarize, the ERP parietal old/new effect findings seem to indicate that emotional contexts enhance electrophysiological correlates of long-term recollection memory for integrated neutral material. In addition to the parietal ERP old/new effects, emotional context modulated frontal ERP correlates of familiarity-based recognition. Compared to pleasant and neutral contexts, objects embedded in unpleasant background scenes generated enhanced frontal ERP old/new differences between 300 and 500 ms. A number of studies propose that relational memory depends upon recollection-based mechanisms (Rugg & Curran, 2007; Wilding & Rugg, 1996) . However, recent behavioral (Diana, Yonelinas, & Ventura-Bort et al.
Long-term emotional relational memory 20 Ranganath, 2008 Ranganath, , 2010 and electrophysiological studies (Addante, Raganath, & Yonelinas, 2012; Diana, Van den Boom, Yonelinas, & Ranganath, 2011; Ecker et al., 2007a Ecker et al., , 2007b Mollison & Curran, 2012; Peters & Daum, 2009; Speers & Curran, 2007; Tibon et al., 2014a Tibon et al., , 2014b Tibon et al., , 2014c Tsivilis et al., 2001; Zheng, Li, Xiao, Broster, & Jiang, 2015) have evidenced that familiarity-related processes could also contribute to source recognition (Johnson, Hashtroudi, & Lindsay, 1993; Yonelinas, 2002) . In an attempt to shed light on the familiarrelated processes embedded in source memory, Diana et al. (2008 Diana et al. ( , 2010 Diana et al. ( , 2011 investigated the impact of encoding processes on familiarity-based recognition. These authors observed that exclusively high-unitized associations --i.e., item-context pairings encoded as a single unit--elicited frontal ERP old/new effects, whereas low-unitized associations only elicited recollection-related ERPs (Diana et al., 2011) . In the same direction, a number of studies have observed that when item-source associations can be processed together at encoding, familiarity processes are also enhanced during recognition. Thus, when item and source information are encoded in the same modality (visual) vs. different modality (visual and auditory; Tibon et al., 2014a Tibon et al., , 2014b Tibon et al., , 2014c , when the nature of the association item-source is intrinsic vs. extrinsic (Ecker et al., 2007a (Ecker et al., , 2007b Zheng et al., 2015) , or when source refers to salient contextual information (Mollison & Curran, 2012) , source recognition prompts larger familiarity-related ERPs, suggesting that memory for source information is strengthened (Addante et al., 2012; Chiu et al., 2013; Curran, 2004) . In the present study, no explicit instructions for unitization were given, however, as commented above, we promoted item-context binding processes at encoding. It might be that this instruction accentuated itemcontext unitization for unpleasant associations and, thus, promoted stronger familiarity-based recognition of negative source information. However, clear conclusions cannot be derived because judgments regarding the strength of the associations were not directly recorded in the Ventura-Bort et al.
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Intriguingly, we found differences of context association at early stages of processing.
Neutral stimuli encoded in emotional, compared to neutral contexts, elicited a larger early (180-220 ms) positive-going waveform over frontal sites. This early emotional effect resembles those reported by previous source memory studies (Jaeger et al., 2009; Jaeger & Rugg, 2012; Smith et al., 2004a) , suggesting that neutral stimuli acquired emotionally arousing properties. This emotion effect may relate to the transmission of emotional attributes from contexts to objects by means of associative binding mechanisms (Smith et al., 2004a) , enhancing their processing (e.g., Öhman & Mineka, 2001; Vuilleumier, 2005) . A substantial body of research has suggested the existence of highly elaborated networks, involving the amygdala (Ohman & Mineka, 2001) , and cortical regions (Pessoa & Adolphs, 2010; Van Gaal & Lamme, 2012) , that rapidly identify motivationally relevant events (Brosch, Sander, Pourtois, & Scherer, 2008; Pourtois, Grandjean, Sander, & Vuilleumier, 2004; Steinberg, Bröckelmann, Rehbein, Dobel, & Junghöfer, 2013; Wieser, Gerdes, Büngel, Schwarz, Mühlberger, & Pauli, 2014) and further provide rapid learning capacity and an excellent resolving power (cf. Steinberg et al., 2013) . Thus, our data seem to indicate that neutral objects embedded in emotional contexts have rapidly -after two pairings!-acquired longlasting emotional relevance.
An alternative but not excluding interpretation could link the early frontal ERP also with memory-related mechanisms. The frontal P2 has been related to the activation of representations retrieved in long-term memory due to the detection of visual information (Curran & Dien, 2003; Tsivilis et al., 2001; Voss & Paller, 2009 ) under explicit memory testing (Curran, 1999; Voss & Paller, 2009 ; but see Jaeger & Rugg, 2012) . Specifically, it has been observed that the frontal P2 increases when the visual input matches with efficiently Ventura-Bort et al.
Long-term emotional relational memory 22 stored information, suggesting that the extent of activation of representations in memory indexed by P2 might relate to the phenomenological salience of the stimuli (cf. Voss & Paller, 2009) . Consistent with this idea, Schaefer et al. (2011) found that frontal P2 was modulated by the memory strength of emotional events, that is, remembered unpleasant scenes -but not neutral ones-evoked frontal P2 old/new effects; moreover, P2 amplitudes in response to unpleasant images increased with their arousal. In the current study, larger P2
was evoked by neutral objects embedded in emotional compared to neutral background scenes, suggesting that emotional contexts increase the saliency of the events bound with, facilitating their later recognition.
From a dual-process model perspective (Yonelinas, 2002) however, it remains unclear which mnemonic mechanisms underlie the P2 old/new effects. On the one hand, the spatiotemporal attributes of the P2 matches with the frontal familiarity-related old/new effects, suggesting the existence of similar processes between both components. On the other hand, the P2 old/new effect has only been found when the events where labeled as remembered, but not when they were considered familiar (Voss & Paller, 2009) , indicating that P2 might be related to recollection. Schaefer et al. (2011) found distinct patterns of modulation across arousal levels between P2, frontal and parietal old/new effects, suggesting that different memory sub-processes might be involved for each component (cf. Schaefer et al., 2011) . We, however, did not find clear evidence that would allow us to disentangle this question. Future research should focus on elucidating the memory sub-processes underlying this frontal memory index, assessing, for instance, which recognition processes (remember vs. know) have been employed. Surprisingly, we found that correctly identified new objects also elicited a larger P2 than old objects paired with neutral background scene. A plausible explanation of this effect could be that early frontal activity is related to the processing of novelty/relevant stimuli Ventura-Bort et al.
Long-term emotional relational memory 23 (Ecker et al., 2007c; Tsivilis et al., 2001; Voss & Paller, 2009) . In this line, Ecker et al. (2007c) observed that novel neutral events generated larger early frontal activity than correctly recognized old neutral stimuli. These authors suggest that the brain response difference between new and old information at early stages of processing might be associated with an enhanced attentional capture (Ecker et al., 2007c) . Thus, based on previous research, we interpret this finding as a result of enhanced processing of new objects, along with decreased processing of relatively non-relevant (associated with neutral source information) old events.
Although pleasant and unpleasant background scenes were matched in terms of emotional arousal, we found that frontal old/new effects were exclusive for unpleasantrelated associations. We further observed that memory performance for objects paired with unpleasant background scenes predicted larger electrophysiological activity at the three ERP memory-related components (P2, frontal and parietal old/new effects). These results are in line with recent memory studies that report enhanced long-term explicit memory for unpleasant-related stimuli, compared to pleasant ones (Pierce & Kensinger, 2011; Ochsner, 2000; Weymar et al., 2011) . For instance, Pierce and Kensinger (2011) investigated emotional valence and arousal on associative binding after a short (15 min) and longer (1 week) delay and observed that memory performance for unpleasant word pairs was better in comparison to pleasant and neutral word pairs after long, but not after short retention intervals, suggesting that unpleasant-related stimuli acquire a higher long-term relevance.
From an evolutionary perspective, memory for stimuli related to potentially dangerous events should be consistent, salient, and stable over time in order to facilitate their detection and avoid them in the future (Dolan, 2002) . Furthermore, it has been suggested that pleasant contexts (animals or nurture scenes) do not contain the same type of survival-relevant information as unpleasant contexts (accidents or attacks), making them less relevant for Ventura-Bort et al.
Long-term emotional relational memory 24 future purposes than negative situations (Ashby, Isen, & Turcken, 1999; Fredrickson, 1998 Fredrickson, , 2001 Ochsner, 2000) . Thus, the current findings may indicate that especially unpleasant contexts facilitate associative long-term memory processes.
One further interpretation of the present results might be related to post-encoding arousal effects (Anderson, Wais & Gabrieli, 2006; Knight & Mather, 2009 ) that might have facilitated memory for neutral objects. Some studies have observed that presenting neutral stimuli shortly prior to emotionally arousing materials can result in enhanced memory (1-week later) for the preceding event (Anderson et al., 2006) . A potential mechanism might be that stress hormones (rapid nongenomic effects of catecholamines and glucocorticoids) released in response to arousing emotional contexts might increase vigilance via interactions between the amygdala and hippocampus formation (e.g., McGaugh, 2013) , and facilitate memory storage for the context itself but also for recently experienced-related events.
Although the ability to remember cues associated with potentially threatening events could protect us from dramatic consequences, when these events are extremely distressing, memories can become maladaptive and clinically relevant (Ehlers & Clark, 2000) . For instance, in patients suffering from posttraumatic stress disorder (PTSD), events associated with traumatizing contexts can involuntarily trigger vivid distressing memories in form of intrusive thoughts, flashbacks or nightmares (Parson & Ressler, 2012) and, on the other hand, can result in impaired episodic memory for the traumatic event itself (e.g., Brewin, 2013; Flor & Nees, 2014; Hayes, VanElzakker, & Shin, 2012; McNally, 2008; Wilker, Elbert, & Kolassa, 2014) . A prominent hypothesis of PTSD etiology suggests that trauma memories are poorly integrated into their context (e.g., time and place) during encoding, thus resulting in retrieval distortions of trauma-related information (Dolcos, 2013; Pannu Hayes et al., 2011) , overgeneralization and easy triggering of physically similar cues (Ehlers & Clark, 2000) , which might relate to deficits in long-term contextual binding processes. Despite its relevance, little is known about the neural processing of emotional binding mechanisms in PTSD. ERPs might be a useful tool to elucidate the long-term binding deficits in PTSD, providing new insights into the neurobiological alterations of the memory systems in trauma and stress-related disorders.
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Conclusion
In summary, we found that neutral information can activate long-term memories due to their emotional associations. Neutral objects encoded in emotional contexts showed prioritized automatic perceptual, and explicit mnemonic processing during recognition that was also related to long-term memory performance. Our findings highlight the importance of emotional binding mechanisms in long-term memory processes, which could have also direct clinical relevance for trauma-and stressor-related disorders. Ventura-Bort et al.
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Figure Captions C: Display of the scalp topographies of the ERP old/new differences (objects in emotional contexts and neutral contexts vs. new objects).
